Abstract Multimodality imaging is playing a key role in the clinical management of patients in routine diagnosis, staging, restaging and assessment of response to treatment, surgery and radiation therapy planning of malignant diseases. The complementarity between anatomical (CT and MRI) and functional/molecular (SPECT and PET) imaging modalities is now well recognized and the role of fusion imaging is widely used as a central piece of the general tree of clinical decision making. Moreover, dual-modality imaging technologies including SPECT/CT, PET/CT and nowadays PET/MR represent the leading component of a modern healthcare facility. There have been significant advances in data acquisition along with innovative approaches to image reconstruction and processing with the aim to improve image quality and diagnostic information. However, CT procedures involve relatively high doses to the patient, which triggered many initiatives to reduce the delivered dose particularly in paediatric practice.
Introduction
The fields of diagnostic radiology and medical imaging cover a plethora of techniques that are vital for evaluating and managing patients who require medical care. Conventional imaging techniques such as plain film radiography and more recent techniques such as x-ray computed tomography (CT) and magnetic resonance imaging (MRI) are used to evaluate a patient's anatomy with sub-millimeter spatial resolution to discern structural abnormalities and to evaluate the location and extent of disease. These methods offer relatively fast scan times, precise statistical characteristics, and good tissue contrast especially when contrast media are administered to the patient. In addition, x-ray fluoroscopy and angiography are used to evaluate the patency of blood vessels [7] , the mechanical performance of the cardiovascular system, and structural abnormalities in the gastrointestinal or genitourinary systems. Similarly, CT and MRI can be performed with cardiac gating to the heart at different phases of the cardiac cycle. Computed tomography recently has experienced a significant increase in utilization with the advent of multislice helical scanning techniques that cover a large region of the patient's anatomy with a single breath-hold and with scan speeds that can capture both the arterial and venous phases of the contrast bolus. These increased scan speeds enhance patient comfort, and contribute to patient throughput and cost effectiveness [31] .
In contrast to the anatomical imaging techniques described above, functional imaging methods including planar scintigraphy, single-photon emission computed tomography (SPECT), positron emission tomography (PET), and magnetic resonance spectroscopy (MRS), assess the regional differences in the biochemical status of tissues. In nuclear medicine, including SPECT and PET, this is done by administering the patient with a biologically active molecule or pharmaceutical, which is radiolabelled and accumulated in response to its biochemical attributes. Nuclear imaging relies on the tracer principle in which a minute amount of a radiopharmaceutical is administered to assess physiological function or the biomolecular status of a tissue, tumour, or organ within the patient. The volume of the radiopharmaceutical used is sufficiently small such that its administration does not perturb normal organ function. However, the radiopharmaceutical produces a radioactive signal that can be measured, and ideally imaged, by using an external array of radiation detectors. By design, the radiopharmaceutical has a targeted action, allowing it to be imaged to evaluate the specific physiological processes in the body. There are now many radiotracers which are suitable for clinical diagnosis, with additional radiotracers available for in vivo as well as in vitro biological experimentation. Extended descriptions of these techniques are well documented [14, 17, 78, 82] .
Overview of Medical Imaging Techniques

Projection Imaging (2D) Techniques
Projection imaging was the first non-invasive imaging technique developed by Wilhelm C. Röentgen following the discovery of x-rays in 1895. It was quickly applied as a clinical tool, not only to demonstrate fractures or other anomalies of hands and arms, but also for surgical purposes. This is a transmission procedure involving the acquisition of a two-dimensional image of a body region. The x-rays produced by the x-ray tube on one side of the patient pass through the body. The image formation is based on the differential penetration of the x-rays, with the contrast of the image being the consequence of the different paths of the radiation going through different tissues. For example, bones cause significantly higher attenuation than soft tissues, resulting in a smaller exposure of the regions where x-rays encounter bone and thus the resulting image is whiter than soft tissue.
Mammography is a procedure specially designed to detect abnormalities in the breast, which can be very difficult owing to two reasons: lesions can be small and the density difference between them and breast tissues is also very small.
Fluoroscopy is a technique where x-ray images are acquired in a dynamic or real-time mode. The name of this technique comes from the fluorescence that Thomas Edison saw while looking at glowing plate screens of calcium tungstate bombarded with x-rays. The first detectors used on these systems were made of image intensifiers coupled to television screens, while the actual systems are composed of flat panel detectors based on thin film transistors (TFT) that are replacing image intensifiers.
Tomographic Imaging (3D) Techniques
The drawback of conventional radiography is that it does not provide any depth information when 3D objects are projected onto 2D detector geometries. Tomographic imaging presents the advantage of circumventing this limitation through 3D image reconstruction of the region examined to provide series of 2D image slices of the body. For this reason, it was predicted that tomographic imaging techniques will likely replace planar imaging in the future [2] . This remains a controversial topic, which is still being debated [7, 50] .
The first tomographic imaging system was introduced by David Kuhl and Roy Edwards in 1965 [11] representing the departure of tomographic imaging in nuclear medicine (SPECT) as well as transmission imaging with radionuclides ( 131 I and 241 Am). Later, Sir Godfrey Hounsfield introduced the concept of computed tomography (CT) based on transmission of tube generated x-ray beam [34] .
Computed Tomography (CT)
Although the first CT device was introduced by Hounsfield in 1973 [34] , the mathematical principles of the filtered backprojection are much older and stem from radioastronomy-related research by Johan Radon in 1917 [62] . He demonstrated that a 3D image of an unknown object could be reconstructed from an infinite number of projections of the object. In the case of CT, the acquisition is realized by rotating both the x-ray tube on one side and the detector on the opposite side of the patient in a synchronized way. In this case, the line integrals of the transmission of the x-ray beam through the object represent the projections that will serve to reconstruct the object. The reconstruction of images from the acquired projections is performed using the filtered backprojection algorithm.
One of the significant advantages of CT is that the reconstructed image scale, referred to as the Hounsfield unit (HU) scale, is linearly correlated with the linear attenuation coefficient of the corresponding biological tissue, thus giving direct physical information of the chemical composition of the tissues within the patient.
Magnetic Resonance Imaging (MRI)
This modality is sometimes also called Nuclear Magnetic Resonance Imaging (NMRI) because it uses the property of nuclear magnetic resonance of atoms inside the body. This is achieved by positioning the patient inside a strong magnetic field (B 0 ) used to align the magnetization of the protons of some atoms inside the body (related to the proton density). The application of a short radiofrequency (RF) pulse then produces an electromagnetic field with the resonance frequency just needed to tilt the global magnetization away from the magnetic field (B 0 ). When the pulse goes off, the magnetization re-aligns back to the magnetic field, producing a radio frequency signal that can be measured with receiver coils. The mechanisms of this relaxation, i.e. the longitudinal (T 1 ) and the transverse (T 2 ) relaxation times, are at the origin of this signal measurement. These relaxation times are the characteristics of different tissues and can be measured by applying suitable sequences of RF pulses to the region of interest and recording the radiofrequency NMR signals with a receiver coil.
Single-Photon Emission Computed Tomography (SPECT)
SPECT is a tomographic nuclear imaging technique enabling the generation of images representing the bio-distribution of gamma-ray emitting radiopharmaceuticals in the body acquired from standard planar emission projections around the patient. These images are usually obtained using one or more large scintillator detectors at the same time turning around the patient (180 or 360 ), although new solid-state detector technologies dedicated for cardiac [26] and breast imaging [64] have recently been introduced in academic and corporate settings.
The reconstruction of images from the acquired projection data is usually performed by using either analytic algorithms (e.g. filtered backprojection, as in CT), or by the more popular iterative reconstruction methods which are now implemented on all commercial systems and widely used in practice [63] . Direct analytical techniques have the advantage of being straightforward and relatively fast but produce images with limited quality owing to the oversimplified lineintegral model of the acquired projection data used. In contrast, iterative techniques are computationally more intensive but the resulting images are much improved (principally due to more accurate and complex modelling of the acquired projection data), which have enabled them to replace the analytic techniques.
Iterative algorithms involve a feedback process that allows a sequential tuning of the reconstruction to achieve a better match with the measured projection data. The iterative process starts with an initial estimate of the tracer distribution and calculates the corresponding projections using a forward projection operator incorporating an appropriate model of the emission and detection physics. Then, the difference between estimated and measured projections are be used to modify the original estimate of the tracer distribution through suitable additive or multiplicative corrections for each voxel using the backprojection operator. The adjusted tracer distribution then becomes the starting point for the next iteration and the process continues for a predetermined number of iterations using the continuous feedback loop until a final solution is reached.
Positron Emission Tomography (PET)
Similar to SPECT, PET is a nuclear medical imaging technique where a positronemitting radiotracer is injected to the patient. 18 F-fluorodeoxyglucose ( 18 F-FDG), which is a glucose analogue, is the most widely used radiotracer in practice. Once a positron is emitted, it travels for a very short distance depending on its energy before annihilating with an electron to produce two anti-parallel annihilation photons each having an energy of 511 keV. The imaging procedure is based on the annihilation coincidence detection (ACD) of these two emitted photons. To achieve this, the patient is surrounded by a large number of detectors consisting of small scintillation crystals assembled in a cylindrical geometry. When both photons with energies of 511 keV are detected at the same time (with a time difference typically less than 500 ps, depending on the characteristics of the detectors), the event is accepted and the straight line joining these detectors defines a line of response (LoR).
The development of optimized detection geometries combined with high performance detector technologies and compact scanner design has become the goal of active research groups in both academic and corporate settings. Significant progress was achieved in the design of commercial PET instrumentation during the last decade allowing to reach a spatial resolution of about 4-6 mm for whole-body imaging,~2.3 mm in PET cameras dedicated for brain imaging, and sub-millimeter resolution for female breast, prostate and small-animal imaging [16] .
Basic Concepts of Image Quality
Assessing the quality of medical images is a very complex task. To understand the reasons for this complexity, one must keep in mind that the goal of medical imaging is not to produce pretty images but rather to provide non-invasive and informative diagnostic information that can help clinicians to make a diagnosis or to plan surgical or therapeutic procedures. The common problem is to determine the guidelines for an objective assessment of image quality by using established metrics [8] .
The complexity of the whole process is shown in Fig. 10 .1. The patient is usually referred for a medical imaging procedure to be carried out on a specific device depending on the clinical question. A plethora of structural and functional imaging techniques is available today. The collected information will usually be processed before it is displayed by a physical support, typically by a display monitor in a digitized facility or by conventional films in other modalities.
Image Contrast
The diagnostic accuracy and performance of the radiologist when reading these images was initially related to the concept of image quality [66] . The main factors influencing image quality are contrast, spatial resolution and noise. The contrast of an image can be defined as the difference (or in some cases the relative difference) between two neighbour signals coming from the object that is being imaged. For example:
• In projection radiography, this is the difference in x-ray transmission between two different structures, e.g. bone and soft tissue; • In CT, this is related to the difference between the linear attenuation coefficients of two different tissues, e.g. soft tissue and fat; • In PET, the difference is in the activity concentrations in two organs or tissues, i.e. normal and pathological tissues; and • In MRI, the difference between the magnetic susceptibility of two tissues, e.g. white and gray matter in the brain.
Image Resolution
The spatial resolution is a measure of how close two adjacent objects can be distinguished. Usually, we express spatial resolution in units of spatial frequency, which is the inverse of the closest discrimination distance, or the number of sinusoidal cycles that can be fitted in unit space (cycles/mm). The spatial resolution is usually characterized by the modulation transfer function (MTF), which reports the amount of sinusoidal signals transferred by the imaging system ( Fig. 10.2 ). This particular metric can be measured in analogue systems (e.g. screen-film) by sinusoidal test patterns using Coltman's method [18] or by using sharp-edge test phantoms on digital systems [68] . Alternatively, the analysis of the noise response can be used for this purpose [47] .
Image Noise
Image noise is defined as the random variation of the signals. Since the imaging process is inherently statistical because of the nature of quantum physics, the noise is well described by Poisson/Gaussian functions. For this reason, the noise can simply be characterized as the standard deviation (σ) of the signal in a uniform region ( Fig. 10.3 ). Nevertheless, this measure doesn't reflect the frequencial content of the noise which can be derived from the noise power spectrum (NPS) ( Fig. 10.4 ), which in turn can be measured according to the International Electrotechnical Commission (IEC) standards (International Electrotechnical [39] ). 
Signal Versus Noise
These image quality metrics described are closely linked and as such the interaction between them and the influence one has on others cannot be completely dissociated. For the task of image reading and interpretation by clinicians, other methods were proposed to better account for their imbrications. The limitations in terms of signal perception in noisy images was studied early in the Rose model [65] where the concept was extended to the so-called signal-to-noise ratio (SNR) (Fig. 10.3 ), which can be related to the probability of signal detection. The SNR can be defined as the difference in the mean output with (S S ) and without the signal (S B ) divided by the square root of the average variance of the noise, i.e. the standard deviation (σ): 
This formalism was extended to new image quality assessment concepts that were introduced in the context of photographic imaging, such as detective quantum efficiency (DQE), which is a measure of the collective effects of the signal (associated with image contrast) and noise performance of an imaging system, usually expressed as a function of spatial frequency ω [21, 71] :
where the SNR in is the input SNR that originating from the object, or in other words, the SNR that will be achieved by an ideal detector, while SNR out is the SNR that is obtained at the output of the imaging system. Obviously, all information should be obtained at the output of a perfect system, thus producing a DQE of 1, whereas a blind system will produce a DQE of 0.
One must keep in mind that the purpose of an image is to assist the observer (imaging specialist) in reaching a (clinical) decision. Therefore, image quality must be defined in terms of the targeted task [76] . Early contributions were made by Wagner for the task of discriminating between two different signals, i.e. present or absent, in the case of stationary Gaussian noise [75] . This task is commonly referred as the signal known exactly (SKE) and is used to introduce the concept of noiseequivalent quanta (NEQ), which depicts the minimum number of x-ray quanta necessary to generate a particular SNR by measuring change in the mean amplitude and in the variation in the amplitude of sine waves:
where Q is the number of quanta incident on the detector that can be roughly equivalent to SNR in 2 , then:
NPSðωÞ
The better the system performance, the higher the NEQ will be for all frequencies, while an NEQ of 0 means a blind system. As one can see, all the previous developments are closely related to statistical decision theory (SDT) that defines the framework where the NEQ was identified (SKE). This theory is based on the principle that any observer (human or mathematical) aiming at classifying an image (g) into one of two different categories, i.e. positive or negative, will perform this task through a statistical calculation (λ) to be compared with a threshold λ 0 that defines if the image belongs to any of the previously defined categories (Fig. 10.5 ).
If the decision is positive, the hope is that it is correct (True Positive: TP), but there are chances that the decision is wrong (False Positive: FP). The same could happen if the decision is negative (TN and FN, respectively) . The compromise between the TP rate (TPR: Sensitivity) and the FP rate (FPR: 1 -Specificity) is defined by the decision threshold λ 0 , and the variation of this threshold leads to the construction of the receiver operating curve (ROC) [54, 55] , whose area under the curve (AUC) can be adopted as a image quality criteria (Fig. 10.6 ). For particular conditions, this metric can be related to a discrimination task [27] and as a consequence to the SNR. The AUC can change from 0.5 (random choice) to 1 (perfect performance) but its shape can be the sign of a highly sensitive or highly specific imaging system.
As stated earlier, the observer in the SDT can be mathematical, i.e. observer models. The most widely used are the linear observer models because the statistical calculation (λ) is a vectorial product of the image (g) and a discriminant function (u). Different variations of this model and optimal choice of the discriminant function are described elsewhere [9] . 
Dose Reduction Strategies
To understand the magnitude of radiation exposure arising from medical imaging procedure, national surveys were carried out by different bodies in various countries worldwide. For instance, the National Radiological Protection Board (NRPB) performed periodic surveys of medical imaging practice in the UK to gauge individual and collective radiation doses. It has been shown in the NRPB-W4 report [30] that conventional radiography accounts for about 90 % of the total procedures and represents about 38 % of the collective dose. While mammography accounts for approximately 4 % of the total x-ray procedures, it represents roughly 2.4 % of the collective dose. Fluoroscopy represents just about 1.5 % of the total procedures but accounts for 16 % of the collective dose. For the latter, radiation protection is an important issue for the medical staff because this technique is widely used in interventional radiology. CT has opened new opportunities in medical imaging in the last 40 years, but it has become a major source of medical exposure as it represents almost 40 % of the collective dose [30] despite accounting for only 3.3 % of the total procedures using ionizing radiation. The issue is that the frequency of CT procedures is still growing and recently became a public health concern for different governments [72] , thus indicating that despite much worthwhile efforts targeting dose optimisation in CT, the topic still requires further research and development. 
Hardware Innovations
Since projection radiography was the first introduced radiographic imaging technique, related technological advances are enormous. The first advance in technology was made by adapting the x-ray beam spectrum to energy changes ( Fig. 10.7a ). This allows the user to choose an optimal spectrum depending on the required procedure. For example, in chest radiography, higher energies (100-120 kV) are used because low contrast imaging between lungs and bones is desirable. On the opposite, low energy beams are used, for example, in orthopaedic radiography where high contrast between bones and soft tissue is needed. A big advance in x-ray tube design was achieved following the introduction of special dedicated mammographic anodes (molybdenum anodes) in 1965 ( Fig. 10.7b ). This was followed by rhodium anodes and filtrations made with the same material. These specific anodes present a high emission probability of two particular energies (characteristic radiation) at 17.9 and 19.5 keV for molybdenum, which are optimum to obtain very good contrast with smaller breast; while rhodium anodes have characteristic radiation at 20.3 and 22.7 keV, which are optimal for larger breasts, making it possible to save up to 40 % of the dose specially for larger breasts [45] . Detector technologies for projection imaging started with photographic filmbased detectors that were subsequently improved following the introduction of fluorescent screens (analogue). The contrast capability of these detectors was defined by the characteristic curve [36] , which measures how the film opacity (most precisely the log of the opacity) changes as a function of the log of the x-ray exposure. The higher the difference in the opacity for a smaller exposure, the higher is the contrast capability of the film. An example of such a curve is shown in Fig. 10.8 , demonstrating the associated gradient of the curve calculated at each measurement point, which is representative of the film contrast. One can see that this curve has an "S" shape on the left and right sides (respectively underexposed and overexposed regions). Both regions are flat owing to the small contrast capability also put into evidence by the lower values on the gradient curve, while the central part (optimal exposition) shows a better contrast capability. For this reason, patient exposure is directly related to the type of screenfilm employed since the exposure must be very close to the central part of this curve.
As a matter of fact, optimal exposure of films proved to be a difficult task to achieve given that the operator has to be consistent for different procedures to avoid errors. As a consequence, the concept of automatic exposure control (AEC) was developed with the aim to optimize the exposure of films under different settings [58] . At the present time, the technology changed to digital detectors where the contrast is no more dependent on the exposure (almost linear) as shown on the characteristic curve of two different detectors (Fig. 10.9 ). However, this remains a challenging issue when setting-up AEC devices [42] . Nevertheless, when these detectors were introduced, their performance was not optimal and as such their limited spatial resolution reduced their NEQ and DQE [57] . Recent advances in detector design overcome this drawback and result in better performance [56] .
CT is a high dose procedure. Paradoxically the technical advances that allowed significant improvement in image quality were responsible for the increasing use of this technology by opening new avenues and offering novel diagnostic applications. The first CT scanner was built in 1972. It was first used to scan a brain inserted in a water-box at a speed of 4 min per rotation and required overnight reconstruction of the 8 mm thick images. The first waterless whole body scanner was developed in 1974 [48] . Given the slow acquisition time, motion blurring was an important limitation in terms of spatial resolution degradation. This was significantly reduced by the introduction of the second-generation CT scanners through the use of narrow beams (contrary to its single-beam progenitor) and multiple detectors (3 in the beginning) that reduced motion blur by increasing rotation speed to 20 s per rotation. This idea was further exploited in the third generation CT scanners by introducing fan beams that cover the patient's width and by applying an array of detectors (250 to 750) to capture the entire beam, thus increasing the rotation speed. This was made possible by the introduction of high performance proportional detectors (e.g. Xenon detectors) that do not require recalibration prior to scanning [12] to enable axial translation (1st and 2nd generation scanners). This last advancement was crucial for the design of third generation scanners without axial translation, defining the basic geometry of current CT scanners (Fig. 10.10) .
The slip ring technology was the next major advance in CT, allowing a continuous rotation of the x-ray tube/detector gantry, and was subsequently consolidated with helical scanning to reduce the acquisition time to about 1 s [41] . The helical pitch concept, defined as the table movement per rotation divided by the slice thickness, was also introduced with this technology. This allowed dose reduction when the pitch is higher than 1 by avoiding the irradiation of a smaller surface of the patient, but compromising image quality to some extent since the reconstruction is performed with interpolation of the missing data.
Another major leap in CT technology was the introduction of dual-slice scanning that opened the door to multi-slice CT scanners, thus enabling larger axial coverage per tube rotation. The consequence is faster acquisition without noticeable impact on individual patient dose [74] . Current technology permits acquisitions of up to 320-slices [70] , with sub-millimetric slice thickness and rotation time of less than half a second. With respect to dose reduction strategies, beam hardening filters have long been employed in x-ray CT to preferentially absorb soft and low-energy x-rays, which have little or no contribution to image formation, thus allowing the reduction of patient dose and beam hardening artefacts [5] . The introduction of AEC devices proved to be clinically relevant and had a significant impact in clinical practice ( Fig. 10.11 ). The principle of AEC is to modulate the tube current as a function of patient attenuation during table movement (z-modulation) and also during the x-ray tube rotation (xy-modulation). The user can lever this modulation by choosing either a noise index or a reference tube current that will produce a preset noise level. The results have demonstrated that dose saving can be effective provided the scanner is used by a well-trained operator. This last observation, even if obvious and fundamental, is not so easy to implement in practice, since CT protocols must be adapted to new AEC devices. The motivations behind improvement in image quality are legitimate; however, the radiologist must keep in mind that the goal of imaging is to achieve clinical diagnosis and not simply to produce pretty images. Part of the responsibility can be attributed to scanner manufacturers who must train the end users to optimize the use of these devices. To avoid potential problems, the choice of noise reference level must be realistic and a maximum current exposure threshold must be set to avoid excessive exposure to patients, particularly in large and obese subjects [29, 52] .
New research directions were explored during the last decade including dualsource CT (DSCT) [22] [23] [24] to achieve much better contrast discrimination and to improve spatial and temporal resolution. Increasing radiation dose remains the major concern. Even if an individual dose is not significantly increased, the increasing demand and utilization generated by improved image quality and increase applications will lead to a significant increase in the collective dose. On the other hand, nuclear medicine forms a special category of medical imaging techniques in the sense that the information provided is functional rather than anatomical. The contrast and image quality reflecting tracer biodistribution in different tissues and organs are subjected to high statistical uncertainty given the small activity administered to the patient. For this reason, the performance of an imaging device is highly dependent on its sensitivity, which is defined as the number of counts detected per unit time per unit of activity present in the body region being studied [13] . The sensitivity depends on many parameters including geometric efficiency, crystal detection efficiency . . . etc. In the early days of PET imaging, detectors were made of thallium-doped sodium iodide (NaI[Tl]) crystals similar to Anger cameras used for SPECT imaging. This technology was first replaced by Bismuth Germinate (BGO) crystals (Bi 4 Ge 3 O 12 ) introduced in 1973 [79], chosen mainly because of its higher efficiency at 511 keV. Gadolinium Oxyorthosilicate (GSO) (Gd 2 SiO 5 ) is another popular scintillator used on commercial PET scanners [33] , but the current materials of choice are Lutetium Oxyorthosilicate (LSO) crystals (Lu 2 SiO 5 ) [53] and Cerium-doped Lutetium Yttrium Orthosilicate (LYSO) crytals (Lu 2(1-x) Y 2x SiO 5 :Ce).
The availability of faster scintillation crystals and electronics renewed an interest in old technologies such as time-of-flight (ToF) PET and made this approach feasible on commercial clinical systems. First attempts relied on crystals such as Barium Fluoride (BaF 2 ) because of its very good time resolution of 156 picoseconds (ps) [4, 49] . Time-of-flight exploits the difference in the arrival time between the two crystals in coincidence to reduce the uncertainty in the annihilation point of the coincidence event to a limited region along the line of response, thus substantially diminish the noise in the reconstructed images. A timing resolution of 500 ps results in a reduction of a factor of five in the variance of the reconstructed image compared to conventional PET [59] . It has been demonstrated that ToF-PET enables a much better compromise between contrast and noise, a property that is most invaluable in challenging situations such as: low statistic studies, scans requiring short examination time, large patients, low uptake . . .etc. [19] . This technical innovation increases throughput, improves patient comfort, and reduces the patient dose by lowering the administered dose without deteriorating image quality. The administered activity of PET tracers could be tailored to an individual through the use of appropriate metrics reflecting data quality, such as noiseequivalent counting rate (NECR). It has been shown that the clinical NECR response matching individual patient scans can be accurately modelled to optimize the activity to be administered to an individual, thus reducing patient dose [77] .
The introduction of dual-modality PET/CT imaging systems in clinical environments has revolutionized the practice of medical imaging [73] . The complementarity between the detailed anatomical (CT) and functional or metabolic (PET) information provided in a "one-stop shop" and the possibility of using CT images for attenuation correction of the PET data has been the driving force behind the success of this technology. Photon attenuation in the body during data acquisition is an important source of image degradation in PET. Despite the non-negligible increase in radiation dose [35, 84] , the use of CT-based attenuation compensation has many advantages compared to conventional transmission-based scanning and has received a great deal of attention in the literature [46, 86] . Various dose reduction strategies including the use of low-dose CT protocols are becoming available for clinic use [80] . Attenuation correction is now recognized as an important image correction procedure not only for accurate quantification of PET images but also for lesion detection and accurate localization [6] (Fig. 10.12 ). Dedicated paediatric PET/CT protocols were developed to shorten acquisition time and reduce dose [1, 3] .
Following the trend of hybrid PET/CT, PET/MR was introduced into clinical practice and is progressively becoming recognized by the medical community [25, 69] . MRI and PET offer complementary sensitivity and functional data respectively. When these technologies are combined together into a system that is capable of simultaneous acquisition will capitalize the strengths of each other [61] . The most important advantages of hybrid PET/MR technology in that anatomical MRI provides better soft tissue contrast compared to CT and this contrast can be adapted through the use of various sequences [85] . MR can also provide significant functional data of its own, such as diffusion-weighted MR for assessing tissue ischemia, contrast-based perfusion measurements in the brain and heart, fMRI and angiography. In addition, in contrast to CT, MRI does not use ionizing radiation and as such, it has major advantages when dose reduction is a concern, e.g. in paediatric application. Nevertheless, some general guidelines highlighting the major concerns for this imaging modality were developed for the users [37, 38] . These mostly emanate from the high-gradient fields that can stimulate some nerves and produce a sensation of discomfort and pain, particularly for those individuals taking drugs or afflicted with epilepsy. RF pulses can also induce heating of biological tissues.
There are several ways to combine PET and MRI data of the same patient [85] . The most straightforward approach is to adopt the configuration of PET/CT, in the so-called "tandem" arrangement, where the two procedures are performed sequentially in space and time. However, a very attractive solution is to acquire MRI and PET data simultaneously in space and probably in time. This innovative approach has resulted firstly in the design of an "insert" concept, where a small axial size MR-compatible PET insert fits inside a standard MRI scanner, and secondly to a completely integrated version, where a dedicated whole body PET scanner is built within a dedicated MRI scanner. This latter conceptual design is the most attractive but also the most challenging to achieve. However, it is certainly the way forward to optimize the use of combined PET/MRI systems in clinical diagnosis, therapy and follow-up.
Similar to PET/CT, the anatomical information from MRI can be useful for many other tasks including attenuation compensation, transmission-based scatter modelling, motion detection and correction, partial volume correction, and introducing a priori anatomical information into the reconstruction of the PET emission data. Given its clinical relevance and the challenges, the development of robust strategies for MRI-guided attenuation correction remains a major drawback and will probably be solved by strengthening research and developing innovative solutions in this area [32, 83] .
With the advent of full digital systems, image display must be also ensure a high quality display of medical images by respecting well established standards of reliability. Different standards were proposed but the most widely used are those detailed in the German DIN 6868-57 regulation [20] and its US counterpart published in the AAPM TG18 report [67] . While most of the requirements of these standards are fulfilled by all commercial systems, the most important one is the greyscale display conformance with the DICOM 3.14 standard, which is the most difficult to comply since not all monitors (especially common desktop display systems) conform to this requirement [28] . Special attention should therefore be paid to this issue since it might compromise the whole medical imaging chain.
Software Innovations
In parallel to hardware solutions to reduce patient dose without sacrificing image quality, software approaches were developed to achieve this goal mostly through the use of advanced image processing to enhance image quality or innovative image reconstruction strategies in emission and transmission tomography to reduce the high noise typically present in low-dose scanning protocols. The reduction of image noise and streak artefact in low dose CT scans using specially designed noise reduction filters successfully achieved this goal at the expense of image sharpness and contrast as well as slightly altered modulation transfer function at higher spatial frequencies. Various filters have been suggested in the literature with varying degrees of success. Filtering can be performed either in image space [43] or projection space [40] . The latter has some advantages in terms of spatial resolution loss, which is important in clinical diagnosis.
Alternative techniques were suggested to deal with the challenging task of streak artefacts removal given the difficulty of discriminating them from the attenuation information of biologic tissues. One such technique, referred to as artefact suppressed large-scale nonlocal means, consists of a two-step processing scheme for suppressing both noise and artefacts in thoracic LDCT images. The idea is to exploit the specific scale and direction properties to discriminate noise and artefacts from the imaged structures [15] .
On the other hand, the introduction and widespread commercial adoption of iterative reconstruction techniques in emission tomography spurred renewed interest in their use in other imaging modalities including x-ray CT. Basically, two major classes of image reconstruction algorithms are used in CT: direct analytical methods and iterative methods. Until recently, the most widely used methods for image reconstruction were direct analytical techniques because they are relatively quick and their derivation straightforward. However, the resulting image quality is limited by the over simplified line-integral model of the acquired projection data. In contrast, iterative techniques are computationally more intensive but the resulting images demonstrate improvements (principally arising from more accurate modelling of the acquired projection data) which have enabled them to replace analytic techniques not only in research but also in clinical settings [60] .
Iterative reconstruction techniques came forward in x-ray CT after having been abandoned owing to the large amount of data produced by the latest generation of CT scanners and the associated computational burden. The widespread availability of high performance computing even on desktop computers (including GPU and cloud computing), and the continuing endeavours towards dose reduction in diagnostic procedures led to renewed interest in iterative techniques and made them a hot topic for the leading manufacturers of clinical CT scanners.
Iterative techniques are commonly used in problems that involve optimization. The reconstruction problem can be considered a particular case where one is trying to determine the 'best' estimate of the distribution of attenuation coefficients in CT based on the measured projections (sinograms). Iterative reconstruction has a number of impending advantages that make it attractive in comparison with conventional analytical reconstruction methods. Foremost is the limiting assumption in analytical techniques that the measured projection data are perfectly consistent with the object to be reconstructed, a requirement that is certainly not exact in practice given the presence of noise and other physical factors (e.g. beam hardening, scatter, detector spatial response, truncation . . . etc.). Iterative algorithms are well suited to handling complex physical models of the transmission and detection processes. This ability to directly model the system response, including some consideration of the noise characteristics, provides substantial flexibility in the type of data that can be reconstructed.
The popularity of iterative image reconstruction stems from substantial improvement of image quality, particularly for low-dose protocols [10] . Most manufacturers have recently implemented iterative reconstruction techniques into their platforms, thus enabling the use of ultra-low dose protocols without sacrificing image quality [44, 51, 81] . As such, substantial reduction in patient dose (in the range 40-80 %) could be achieved using this class of reconstruction algorithms. It is expected that iterative CT reconstruction implemented on commercial cloud computing environments will be available in the near future.
Computer-aided diagnosis (CAD) has been one of the major research topics in medical imaging and diagnostic radiology. As such, it has become an integral part of routine clinical workflow for the detection of breast cancer by mammography at many screening facilities. However, the technique is still in its infancy given the enormous potential expected for its application to the detection of other diseases based on analysis performed on various single and hybrid imaging modalities.
Summary
Over the past three decades, we have witnessed significant advances in medical imaging, which have revolutionized the assessment of a multitude of disorders with high accuracy and precise spatial resolution. Recent advances in medical imaging system design have resulted in significant improvements in anatomical, functional, and dynamic imaging procedures taking advantage of innovative approaches in image reconstruction and analysis strategies. With these developments, computeraided diagnosis is becoming a reality. These computer-based tools allow physicians to understand and diagnose disease through virtual interaction. The role of medical imaging is not limited to the visualization and evaluation of structure and function, but goes beyond that to diagnosis, surgical planning, simulation, and radiotherapy planning.
Better communication and collaboration between the end-users and equipment vendors in research (by providing feedback) and better clinical utilization (through better commissioning, quality assurance, education and training, developing standards and implementing policies) improves daily practice and the optimization of radiation protection. Senior leadership teams can inspire and encourage other individuals, team members and health care organizations to change, adapt, grow, and prepare for the future challenges. This can be achieved through creative dialogue between multidisciplinary teams, thus facilitating a culture of best practice, and providing the necessary skills to better-prepare future medical imaging leaders. With the ever-increasing costs and challenges in health care, there is a strong need for innovative leaders to develop new models for the healthcare systems where medical imaging plays a pivotal role.
On reflection, it is gratifying to witness the vast progress that multimodality imaging has made in the last two decades through leadership and innovation in the various disciplines. It is expected that with the availability of high-resolution multimodality imaging systems in the near future, molecular imaging-based and personalized medicine will become clinically feasible.
